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Abstract. In this paper, a study for indoor channel modeling is presented for 
the millimeter frequency band, by using various configurations of multiple 
element antenna systems. A multi-ray model is proposed and verified through 
simulation process for capacity prediction of a high data rate wireless system. 
The proposed model utilizes the geometric characteristics of the environment, 
the angle of arrival and angle of departure of each one of the propagation 
paths, the antenna elements and their spacing. The results showed that the 
system capacity increases significantly if two or four elements are used at both 
terminal antennas instead of the basic SISO configuration. In order to 
accomplish major improvement in the data rates, a MIMO system at 60 GHz 
should operate within a range of 10 to 20 m in an indoor environment with the 
view of obtaining sufficient Signal to Noise Ratios. 
1 Introduction 
Multiple antenna systems and in general multiple input-multiple output (MIMO) 
systems are an optimistic technique for fiature wireless communications, valuable for 
overcoming the effects of multipath interference and thus giving capacity and 
spectrum efficiency. Over the last years, the force for wireless systems and in 
particular for mobile communications to deal with new services requires high 
capacity, robustness against interferences, privacy and accurate prediction of the 
reception signals, thus modeling of the propagation channel. The demand for data 
rates greater than 2 Mb/s up to 155 Mb/s are enormous and Wireless Broadband 
Systems (WBSs) are emerging rapidly. 
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In millimeter wave frequencies the propagation modeling, apart from the known 
empirical models, can be realized based on geometrical optics using ray-tracing 
theory. In the 60 GHz region the diffraction phenomenon can be neglected, and the 
sum of the direct ray and the reflected rays is enough to describe the behavior of the 
propagation channel with great accuracy [1]. The modeling in extremely high 
frequencies poses the problem of the accurate description of the propagation 
scenarios at the wavelength scale (5 mm at 60 GHz). Hence the main target is to 
describe the main obstructions and the surfaces that affect the signal propagation. 
The description is not only in terms of the geometric characteristics of the 
propagation environment, but also in terms of the surface electromagnetic 
parameters (relative dielectric constant, losses etc) in order to extract the surface 
reflection coefficients. 
In this paper we present a multi-ray model in order to describe the signal 
propagation at 60 GHz in an indoor environment and to calculate further the capacity 
of the proposed MIMO system. In order to predict the performance of multiple array 
systems, the angle of arrival and angle of departure of each one of the propagation 
paths, jointly with the antenna elements and their spacing, were considered. The 
presented channel model is based on the assumption, that there are few dominant 
reflections of the signal - four single reflected plus four double reflected rays plus the 
direct component - consisting of a total of 9 rays. The propagation mechanisms are 
explained analytically whereas channel parameters, such as propagation paths and 
the corresponding gains of each path arriving at the receive antenna, are calculated. 
This paper is organized as follows; section 2 deals with the channel modeling 
and the proposed multi-ray model and explaining the mechanisms and the behavior 
of the signal propagation. In Section 3 an analytically description of the geometry of 
the environment under consideration is presented along with the simulation 
procedure of the proposed channel model, dealing with two different geometry 
scenarios. In Section 4, the results of the space-time channel model are presented 
taking into consideration the accomplishment of the capacity improvement (C > 1 
b/s/Hz), in order to evaluate the total throughput of the MIMO system. Finally, 
Section 5 is devoted to discussion and conclusions derived by the entire simulation 
procedure. 
2 Channel Model 
In order to calculate the capacity of a system with one antenna element at both 
terminals, the channel impulse response, h(T), between the transmit and receive 
antenna is a prerequisite. In case of a multiple input-multiple output (MIMO) 
configuration, which has A^^^ ,^ transmit antennas and M^ receive antennas the 
channel matrix has to be calculated [2]. The Nj-^xM^ channel matrix H{T) for a 
MIMO system denotes the impulse response h..{T), between they-th (j = 1, 2, ..., 
Nj^) transmit antenna and the /-th (i = 1, 2, ..., M^ ) receive antenna. One of the 
most widely used physical models to calculate the channel matrix H{r) is [3]: 
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^(^) = YJPI^R (^R,l' ^ R,i ^ T (^T,l»^T,l) (1) 
where L is the number of propagation paths, fij are the corresponding gains of each 
path arriving at the receive antenna, ^^, and Oj^, are the azimuth and elevation 
angles of a propagation path arriving at the receiver antenna, whereas ^j^j and y^,, 
are the azimuth and elevation angles of a path departing from the transmit antenna. 
The symbol * denotes conjugate transpose. Furthermore, ciji(^R,0]i) is the array 
response vector for a plane wave arriving from direction ^^, 0^ and aj.{(^j.,6j) 
represents the transmitter steering vector for the direction ^y,, Oj.. The model given 
by (1) is based on the assumption that there are few spatially well separated 
dominant reflectors in the far-field. For each dominant reflector one significant 
multipath is assumed. In the case of uniform linear arrays (ULAs) with spacing Ax 
at both transmitter and receiver antennas, and the elements placed along the x-axis of 
the propagation plane (shown in Fig. 1), the array steering and response vectors are 
given by: 
aj{(j)T,6j) = 1 -y-^Ajccos(^)sin(^) -j—i^iNjx -l)cos(^ )sin(^r) (2a) 
^RiA^^n)-
-y-^Axcos(4)sin(^je) -J-—dM{Mnx -\)co&{^n)s\n{e^ ) (2b) 
where t denotes transpose, Nj^^^ and M ^ are the number of the elements at the 
transmit and receive antenna respectively and X is the wavelength (5 mm at 60 GHz). 
Equation (1) has also a matrix representation and is given by [3]: 
H(T) = A,{cl>KA)Hp4i^TA) (3) 
where A^(<fi^,Oj^) is an Mj^xL, and Aj,{(l>j,6j) is an N^^xL matrix respectively 
and both are given by: 
Ai4>R^^R) = [_^R{h,V^R,\) ^ RiKl^^R,l) '" ^R(^R,L>^R,L)] (4a) 
Ai^T>^T) = [^T(A,l^^T,l) <^MT,2A,2) ••• ^MT,LA,L)\ (4b) 
where L is the number of propagation paths. In (3) Hp -diag{P^,p^,.,.,Pj^ is a 
Lx Z/ matrix that contains the gain of the each propagation path. Hence by using (3) 
we can calculate the l^^^ x M^ channel matrix H{T) , if we know the angle of 
arrival (AoA) and angle of departure (AoD) of each one of the L propagation paths, 
the antenna elements and their spacing. The power gains Pi (received amplitude) of 
each path can be calculated by using a multi-ray model which describes the signal 
propagation at a desired frequency. 
The multi-ray model is a general case of the two-ray model for more than two 
reflected components. The reflected components may exhibit single or double 
reflection from a plane surface. The reflection geometry can be described in the 
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horizontal as well as in the vertical plane as shown in Fig. 1. Hence, if we know the 
geometry of the environment where the signal propagates (length, width, height) and 
the surface reflection coefficients, the received power of each reflected ray could be 
determined as well as the AoAs and AoDs of each ray. The total received power can 
be calculated by the summation of A^  single reflected and M double reflected rays 
given by [4], [5]: 
P=4K 
1 N u M R ' R 
do /=i ^/ M dj 
(5) 
where d is the horizontal separation between the transmitter and receiver, d^ is the 
path length of the direct component and d., dj are the path lengths each of the / 
single andy double reflected rays. Moreover, R. is the reflection coefficient of / 
single reflected ray whereas Rj^, Rjf, are the reflection coefficients of they double 
reflected rays on a and b reflecting surfaces respectively. Finally A .^ =27rAl./A 
and A^j = 2;rAlj / X are the phase differentials between the direct and the reflected 
rays with A/, and A/. the differential path lengths between the direct and the / single 
andy double reflected rays, and X is the wavelength. The factor AT is a constant that 
incorporates the transmitted power, antenna gains etc. From (5) the total received 
power y^  at a given distance d between the transmitter and receiver can be 
calculated. The power of each one of the reflected arrays p^ can be easily calculated 
and the total number of paths Z/=M+AH-1. Hence, knowing the path gains the AoDs 
and the AoAs of the reflected rays from (5), we can determine the N^^ x M ^ 
channel matrix E(f) by substituting (2a), (2b), (4a) and (4b) in (3). 
Finally after calculating the channel matrix of a Nj^ x M ^ system, its capacity, 
assuming a channel unknown to the transmitter, can be easily obtained as a function 
of the signal to noise ratio (SNR), according to the relationship [2]: 
C = log2 det ^ E, 
N N V +Tr^fi" (6) 
where /^^ is a unitary M ^ x M ^ matrix, E^ I NQ is the SNR, Nj,^ stands for 
the transmitter antenna elements and * denotes conjugate transpose. The capacity is 
referred as the error free spectral efficiency, or the data rate per unit bandwidth that 
can be sustained reliably over the MIMO link. Thus given a bandwidth W Hz, the 
maximum achievable data rate over this bandwidth using the MIMO channel will be 
JVC b/s. 
3 Simulation Procedure 
The simulation environment is a corridor with dimensions 30 x 1.75x2.80 m^  as 
shown in Fig. 1. The left and right wall surface is made of brick and plasterboard 
with wooden doors every 3 m but in order to simplify the simulation procedure we 
assume the surface as a uniform wall, made of brick and plasterboard with its 
dielectric characteristics given in Fig. 1. The floor is made of concrete and covered 
with marble, whereas the suspended ceiling is made of aluminium sheets, holding the 
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fluorescent light tubes. Furthermore, all the material characteristics are provided as 
well as the propagation geometry and the terminal positions. Each terminal it is 
assumed to have one, two or four elements with Ax: spacing orientated along the x-
axis of the propagation plane as illustrated in Fig. 1. 
In order to simplify the simulation procedure and reduce the calculation time we use 
in (5) four single reflected (N=4), plus four double reflected (M=4) rays plus the 
direct component (9 reflected rays in total). Hence, Hp will be a 9x9 matrix, 
Aj^{(j)j^,6p) , a Mj^ x9 matrix, and Aj{^j.,6j.),2i N^x x9 matrix respectively. 
Ceiling; furred ceiling made of aluminum 
Boar, concrete covered with marble 
Tx' Rx Horizontal SeparaUon 
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\ \ 
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Fig. 1. Simulation environment, propagation geometry and material dielectric characteristics. 
Some additional assumptions are: 
The diffraction is not taken into account, since at 60 GHz the phenomenon is 
almost negligible and the diffracted power does not contribute to the total 
received power. 
The non-uniformities of the surface materials in indoor environments are such 
that the produced scattering has not a substantial contribution to the received 
power. 
The most significant contribution is from the 9 rays previously reported. Further 
reflected rays are not taken into account since their contribution to the total 
received power is insignificant. It has been shown [4], [5] that 9 rays in total can 
describe with great accuracy the signal propagation in the specific environment. 
Only second order reflections are taken into account, since third or fourth order 
reflections, especially at 60 GHz, are negligible contributors to the average 
power. 
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• Atmospheric propagation losses are not taken into account since in indoor 
environments the attenuation is very small (11.6 dB/km) [6]. 
During the entire simulation procedure vertical polarization is assumed. Hence, 
for the rays reflected from vertical walls we use the perpendicular reflection 
coefficient (R^^ ), whereas for the rays from floor and ceiling surfaces we use the 
parallel reflection coefficient {R^w)- ^^^^ reflection coefficients are given in [7]. In 
the reflection coefficient equations the complex dielectric constant [7] is given by 
s = s^ -J60crA where s^ is the relative dielectric constant of the reflecting surface, 
or is the conductivity of the surface in Siemens/m and X is the wavelength. The 
values of s^ and cr are given in Fig. 1 [8], [9]. 
We consider two different scenarios regarding the terminal positions at the 
propagation environment. At the first scenario (SI) we assume /j, = 1.5 m, /?;.= 1.35 
m, X = 1.25 m and y = 0.5 m. At the second scenario (S2) the inputs are hf = 2.5 m, h^ 
= 1.5 m, X = 0.875 m (center of the corridor) and y = 0.5 m. At both scenarios the 
element spacing Ac in (2a) and (2b) is taken 2X or 1 cm. Furthermore, at each 
scenario we considered three different antenna configurations; one element at both 
terminals (SISO system), two elements at both terminals (2 x 2, MIMO system), and 
four elements at both terminal antennas (4x4 MIMO system). 
Finally, the simulation is conducted with MatLab script, using 9 rays in total. The 
channel matrix described by (3) was calculated for each predetermined scenario and 
for the three different antenna configurations. Then substituting the channel matrix 
H(T) in (6), the capacity of the channel in b/s/Hz was calculated as a function of the 
desired signal to noise ratio. 
4 Results 
For an efficient system that operates with more than one element antennas, is 
required to fulfill C > 1 b/s per unit bandwidth. Fig. 2 presents the capacity for a 60 
GHz system as a fiinction of the SNR derived by the aforementioned simulation 
procedure. The first scenario has been considered (SI), whereas the distance between 
the transmitter and receiver has been selected 10 m and 20 m. It is clear that the 
capacity increases if the antenna elements are increased for a given value of SNR. 
For example if we select 10 dB SNR and 10 m distance, the capacity increases from 
3.5 b/s/Hz for a SISO system to 8.4 b/s/Hz for a 2 x 2 MIMO and up to 26.6 b/s/Hz 
for a 4 X 4 MIMO system. In other words by using four elements at both terminals 
we can almost multiply by eight the data rate per unit bandwidth relative to SISO 
system at the frequency of 60 GHz. If we increase the distance (20 m) from Fig. 2b 
we observe that for a 10 dB SNR the capacity is 3.5 b/s/Hz for a SISO system, 8.8 
b/s/Hz for a 2x 2 MIMO and 14.6 b/s/Hz for a 4x 4 MIMO system. The efficiency 
of the system is lower at greater distances since the propagation losses at 60 GHz are 
significant. 
Fig. 3 presents the capacity for a 60 GHz system as a function of the SNR for the 
second scenario (S2). For a 10 m distance, and a 4x4 MIMO system with 10 dB 
SNR the capacity drops from 26.6 b/s/Hz to 14.6 b/s/Hz. In average, the capacity 
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increases 3.4 b/s/Hz if we lower the transmitter, regarding all the antenna 
configurations. 
Capacity Evatuation (d^x^vr 10 m, i x * 2^) 
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Fig. 2. Capacity as a function of SNR for the first scenario (SI) and two different distances 
between the transmitter and receiver, (a) 10 m and (b) 20 m 
According to [10] the systems that operate at 60 GHz will be a part of fourth 
generation systems (4G) and may feature transmission rates up to 155 Mb/s 
especially in an indoor environment. In Europe two frequency segments having a 
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bandwidth of 1 GHz have been allocated around 60 GHz. This will give the 
capability to allocate channels up to 100 MHz for the users [11]. 
Capacity Evaiuatiort ( d ^ j , ^ = 10 m, i x = 2A) 
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Fig. 3. Capacity evaluation as a function of SNR for the second scenario (S2) and two 
different distances between the transmitter and receiver, (a) 10 m and (b) 20 m. 
According to this, having a 100 MHz bandwidth available and combining the 
results derived by the simulation procedure, we can achieve an explicit transmission 
rate of 2.7 Gb/s for a 4 x 4 MIMO system with 10 dB SNR at a distance of 10 m 
from the transmitter for the first scenario (SI). For a 20 m distance the rate will be 
1.5 Gb/s. For the second scenario (S2) the achievable rates are 1.5 Gb/s at 10 m and 
1.1 Gb/s at 20 m from the transmitter respectively. It is evident that in order to 
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realize a major improvement in the data rates, a MIMO system at 60 GHz should 
operate within a range of 10 to 20 m maintaining low SNR (10 dB at least in order to 
double the data rate per unit bandwidth relative to SISO system). 
In [12] wideband channel measurements were performed in the same corridor, 
transmitting a bandwidth of 100 MHz. The results revealed that the channel exhibits 
frequency selective characteristics. The coherence bandwidth that determines the 
performance of a digital system was found 22.48 MHz for 90% correlation and 54.11 
MHz for 75% correlation respectively. This is the useftil bandwidth that one can 
achieve the maximum potential data rate without coding (22.48 Mb/s or 54.11 Mb/s). 
Based on this if we apply a 4 x 4 MIMO system with 10 dB SNR at a distance of 10 
m from the transmitter for the second scenario (S2), the feasible rates will be 327 
Mb/s (for 90% correlation) and 788 Mb/s (for 75% correlation). The data rate is 
increased significantly. For a 20 m distance the rates become 241 Mb/s and 581 
Mb/s respectively. 
5 Conclusions 
This paper presented a simulation procedure in an indoor environment at 60 GHz in 
order to evaluate the capacity by using multiple element antennas. Different 
scenarios were evaluated and compared. It was found, that the system capacity 
increases significantly if two or four elements are used at both terminal antennas 
instead of the basic SISO configuration. Furthermore, it was observed that in order to 
realize a major improvement in the data rates, a MIMO system at 60 GHz should 
operate within a range of 10 to 20 m with the view of maintaining low Signal to 
Noise Ratios. Efficient capacities, that would at least double the data rates per unit 
bandwidth relative to a SISO system, can be obtained while the volume of SNR 
maintaining equal and over 10 dB. 
The main target as a future work is to extent the channel model and thxis the 
simulation procedure in different environment types, applying different antenna 
configurations. Also, SIMO and MISO configurations will be investigated, 
incorporating different element number, positions and spacing. 
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